The application of pharmacogenetic results requires demonstrable correlations between a test result and an indicated specific course of action. We developed a computational decision-support tool that combines patient-specific genotype and phenotype information to provide strategic dosage guidance. This tool, through estimating quantitative and temporal parameters associated with the metabolism-and concentration-dependent response to warfarin, provides the necessary patient-specific context for interpreting international normalized ratio (INR) measurements.
concentration after repeated daily dosing can be predicted from the CYP2C9 genotype (pharmacokinetics). Combining the application of multivariate equations for estimating the maintenance dose with genotypeguided pharmacokinetics/pharmacodynamics modeling provides a powerful tool for maximizing the value of CYP2C9 and VKORC1 test results for ongoing application to patient care.
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A rapid and accurate computational method for modeling the anticipated response to a drug in a specific patient would provide health care practitioners with a basis for establishing individualized therapeutic strategies. In principle, pharmacogenetics provides a mechanism-based approach for optimizing the selection and dosing of medications for a specific individual (1 ) . As with other diagnostic tests in laboratory medicine, the application of pharmacogenetics results to general health care requires demonstrable correlations between a test result and an indicated specific course of action by a health care professional. The oral anticoagulant warfarin, one of few examples in which a genetic basis for variation in both pharmacokinetic and pharmacodynamic behavior has been identified, serves as an excellent example for proof of principle for this approach.
As of 2004, according to Wysowski et al. (2 ) , nearly 31 million Americans had been prescribed warfarin on an outpatient basis. The correct maintenance dose for an individual cannot be anticipated a priori; it ranges from Ͻ1 mg/day to Ͼ20 mg/day (median, approximately 5 mg/day). The recommended approach to initiating dosing is to begin with doses between 5 mg and 10 mg for the first 1-2 days, with subsequent dos-ing based on the response of the international normalized ratio (INR) 7 (3 ) . The greatest risk for bleeding events occurs during the initiation phase of therapy (4, 5 ) . Adverse events associated with warfarin therapy are common (6 ) , with incidences of 17.3% among patients 65 years of age and older (7 ) and 6.2% among the general population (8 ) .
Recent efforts have identified 2 genes, CYP2C9 8 (cytochrome P450, family 2, subfamily C, polypeptide 9) and VKORC1 (vitamin K epoxide reductase complex, subunit 1), that have been estimated to account for 35%-40% of the variation in the warfarin dose requirement (9 -12 ) . The clearance of S-warfarin is diminished in the presence of the CYP2C9*2 and CYP2C9*3 alleles (13) (14) (15) . With a decreased clearance, standard daily dosing leads to an increase in the S-warfarin concentration and an increase in the time required to reach the steady state. Furthermore, individuals with variant CYP2C9 alleles will require lower maintenance dosages and will demonstrate a delayed transition to a stable response following dosage adjustments. Failure to recognize this delay will lead to misinterpretation of INR measurements (16 ) . The Ϫ1639GϾA single-nucleotide polymorphism in the VKORC1 gene is correlated with decreased VKORC1 expression (17 ) and a lower therapeutic interval for the steady-state plasma S-warfarin concentration (12 ) . Consequently, patients with the VKORC1 Ϫ1639GG genotype tend to require higher doses than patients with the GA or AA genotype (12 ) . Genetic differences in CYP2C9 and VKORC1 combined with such patient factors as age, body weight, and sex account for 45%-61% of the variation in the daily maintenance dose of warfarin. These factors have been used to derive mathematical equations for estimating the patient's maintenance dose (12, 18 -30 ) . Although the prospective application of such equations has yielded some improvement in patient outcomes in a limited number of studies (18, 31 ) , they have failed to provide clear and ongoing guidance for the use of such information during the various stages of warfarin therapy. To present a dynamic approach for guiding warfarin therapy based on CYP2C9 and VKORC1 genotyping, our group has conceived of a personalized medicine interface tool (PerMIT:warfarin). This tool calculates the estimated maintenance dose, graphically displays the predicted progression of plasma S-warfarin concentrations from the initiation of therapy to the steady state with reference to the VKORC1-estimated target and the steady-state S-warfarin concentration, thereby providing a timebased estimate of the INR response. Our goals were to confirm our previous observation that the relationship between the blood S-warfarin concentration and the response measured by the INR depends on the VKORC1 Ϫ1639GϾA genotype, to design a dynamic decisionsupport tool, and to validate the accuracy of this tool through testing of an independent population data set. 
Materials and Methods

PATIENTS
GENOTYPING
Each sample was genotyped for single-nucleotide polymorphisms in the CYP2C9 (*2, rs1799853; *3, rs1057910; *5; *6; *11) and VKORC1 (Ϫ1639GϾA, rs9923231) genes as previously described (34 ) . 7 Nonstandard abbreviations: INR, international normalized ratio; V D , volume of distribution; LBW, lean body weight; BSA, body surface area; S y͉x standard error of the estimate. 8 Human genes: CYP2C9, cytochrome P450, family 2, subfamily C, polypeptide 9; VKORC1, vitamin K epoxide reductase complex, subunit 1.
MEASUREMENT OF PLASMA S-WARFARIN CONCENTRATION
Plasma S-warfarin concentrations were measured by HPLC with ultraviolet detection (35 ) . The interval of assay linearity for both warfarin enantiomers was 0.1-5.0 mg/L, CVs were Ͻ15% at 0.5 mg/L and 2.0 mg/L, and the S-warfarin limit of quantification was 0.1 mg/L.
MODELING OF PLASMA S-WARFARIN CONCENTRATION
Plasma S-warfarin concentration was modeled with the following equations (36 ):
1. The initial peak following the first dose,
2. The minimum concentration just before the next dose,
3. The subsequent maximum concentration after each successive dose,
C max initial is the initial peak concentration; C max is the peak concentration subsequent to the initial peak; C min is the trough concentration; s is the fraction of S-warfarin and is equal to 0.5; f is the bioavailability and is equal to 1; V D is the apparent V D and is set to 0. (13, 14, 23, 38 ) .
STATISTICAL ANALYSIS
Statistical analysis was performed with SigmaStat 3.5 statistical software (Systat Software). Because the age, weight, height, LBW, warfarin dose, and V D data failed the Kolmogorov-Smirnov test for normality, these data were presented as the median and the interquartile range (25th-75th percentiles). The BSA data passed the Kolmogorov-Smirnov test for normality and were therefore presented as the mean and SD. Because the data for steady-state plasma S-warfarin concentration vs VKORC1 genotype failed the test for normality, we performed Kruskal-Wallis 1-way ANOVA on ranks followed by the Dunn method of adjustment for pairwise multiple comparisons.
Results
Seven different genotypes were detected among the patients evaluated for the CYP2C9 polymorphism; however, the 2 patients with the CYP2C9*1/*5 genotype were not included in the final analysis. Seventy patients were homozygous for the reference allele (*1/*1), and 61 patients carried only 1 of the variant alleles (n ϭ 44 for *1/*2; n ϭ 17 for *1/*3). Five patients were homozygous for variant alleles (n ϭ 4 for *2/*2; n ϭ 1 for *3/*3). One patient was compound heterozygous (*2/ *3). Patients also were genotyped for the VKORC1 GϾA polymorphism at position Ϫ1639. Fifty-five patients were homozygous for the reference allele (GG, 40%), 66 patients were heterozygous for the variant (AG, 48%), and 16 patients were homozygous for the variant (AA, 12%).
RELATIONSHIP BETWEEN VKORC1 ؊1639 GENOTYPE AND PLASMA S-WARFARIN CONCENTRATION
The median plasma S-warfarin concentration was 0.68 mg/L (interquartile range, 0.56 -0.89) for the GG genotype, 0.48 mg/L (interquartile range, 0.39 -0.62) for the AG genotype, and 0.27 mg/L (interquartile range, 0.15-0.42) for the AA genotype (Fig. 1) . A KruskalWallis 1-way ANOVA on ranks revealed statistically significant differences (P Ͻ 0.001) between all of the VKORC1 Ϫ1639 genotypes with respect to plasma S-warfarin concentration. As expected, individuals with the VKORC1 Ϫ1639GG genotype required a sig- nificantly higher daily maintenance S-warfarin dose (5.2 mg/day) than the AG genotype (4.1 mg/day) and the AA genotype (2.4 mg/day). There were no statistically significant differences (P ϭ 0.057) among the VKORC1 Ϫ1639 genotypes with respect to S-warfarin clearance (data not shown).
ESTIMATING THE WARFARIN MAINTENANCE DOSE
We previously used multiple regression analysis to develop an equation for estimating the mean daily warfarin maintenance dose on the basis of VKORC1 Ϫ1639 and CYP2C9 genotypes, age, sex, and body weight that accounted for up to 61% of the variance in warfarin maintenance dose (12, 39 ) . We calculated the daily warfarin maintenance doses for each patient in this cohort and compared them with actual recorded mean daily maintenance doses. Linear regression analysis of the correlation between the estimated and actual recorded mean daily maintenance doses produced a slope of 0.72 [standard error of the estimate (S y͉x ), 0.053; P Ͻ 0.0001], and a y intercept of 1.4 mg/day (S y͉x , 0.053 mg/day; P Ͻ 0.0001). The actual warfarin maintenance dose was positively correlated with the estimated warfarin maintenance dose (r ϭ 0.76; Fig. 2 ). Fifty-eight percent of the variance in the actual daily dose was explained by the variance displayed in the estimated mean daily dose (i.e., r 2 ϭ 0.58).
COMPARISON OF THE ESTIMATED AND MEASURED PLASMA
S-WARFARIN CONCENTRATIONS
We next assessed the reliability of modeling the plasma S-warfarin concentration based on S-warfarin elimination adjusted for the CYP2C9 genotype (13) (14) (15) 23 ) .
The estimated plasma S-warfarin concentration was analyzed by its correlation with the measured plasma S-warfarin concentration at the time of a therapeutic INR. Ordinary linear regression analysis produced a slope of 0.67 (S y͉x , 0.059; P Ͻ 0.0001) and a y intercept of 0.16 mg/L (S y͉x , 0.038 mg/L; P Ͻ 0.0001), with an r 2 value of 0.58 (Fig. 3) . The mean absolute difference between estimated and measured concentrations is 0.14 mg/L, and 58% of the estimated values are within 25% of the measured values.
CASE STUDIES
We have modeled the predicted S-warfarin concentration-time profile with respect to the warfarin dailydosing history and INR response of a 40-year-old African American woman with the CYP2C9*1/*3 and VKORC1 Ϫ1639AG genotype, which were published Outliers are marked by closed circles. The boundary of the box closer to zero indicates the 25th percentile, the line within the box marks the median, and the boundary of the box farther from zero indicates the 75th percentile. Whiskers above and below the box indicate the 90th and 10th percentiles. Kruskal-Wallis 1-way ANOVAs on ranks revealed statistically significant differences in mean plasma S-warfarin concentrations between all VKORC1 Ϫ1639 genotypes (P Ͻ 0.001). (Fig. 2) . The reported dosing history for this patient is presented in Table 2 . The predicted target concentration range for this patient is exceeded within the first two 5-mg doses, whereas overdosing of this patient is not revealed by INR monitoring until an INR of 3.3 is obtained on day 8. Note that the INR measurement made on day 8 is before the estimated time to reach the steady state, and although this measurement is slightly above the target INR interval (2.0 -3.0), it underestimates the degree of overdosing, which is not fully reflected until the INR measurement of 5.3 is made on day 20. Of interest is that although the dose had been decreased 5 days earlier, the INR obtained on day 20 has continued to increase from 4.9. The INR thus serves as a poor indicator with respect to the eventual impact of the preceding dosage change because this measurement again was made before a steady-state S-warfarin concentration was achieved at the adjusted dosage. This illustration demonstrates the value of interpreting INR measurements in light of the temporal status of the plasma S-warfarin concentration and demonstrates the delay in INR response relative to changing plasma S-warfarin concentrations. This example illustrates the difficulties in managing patients that can occur when the pharmacokinetic and pharmacodynamic characteristics of the patient are unknown. In contrast, the case illustrated in Fig. 4B demonstrates the prospective application of this approach to avoid overcompensation in dosing. A 55-year-old inpatient was referred to our anticoagulation clinic for 
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genotyping and warfarin management after he had experienced a pulmonary embolism. The patient was 180 cm (71 in) tall and weighed 118 kg. Before genotyping, he had received 4 warfarin doses (5, 6, 6, and 7 mg), and his INR was 1.39 early the next morning. The patient's genotype was CYP2C9*1/*2 and VKORC1 Ϫ1639GG. We anticipated the pharmacokinetic delay in reaching the steady state from the CYP2C9*1*2 genotype and the pharmacodynamic resistance from the VKORC1 Ϫ1639GG genotype. After receiving five 7-mg doses (8 doses total), the patient presented to our clinic with an INR of 1.7. From a clinical point of view, we would have increased his warfarin dose, but because we knew that his warfarin concentrations were still rising (Fig.  4B) , we continued dosing at 7 mg/day. We checked the INR after 6 more doses, and it was 2.0. We continued S-warfarin administration at 7 mg/day, and his INR was 2.5 after 8 additional doses. His subsequent mean INR values (still at 7 mg/day) were 2.83. Thus, our understanding of this patient's status allowed us to avoid unnecessarily increasing the dose and thereby avoided further readjustment. This scenario illustrates one of many potential scenarios in which both the dosing and the monitoring practice can be strategically guided by placing the dosing and response information into the appropriate temporal context for the individual patient.
Discussion
Our overall aim was to validate the mathematical models chosen to support our clinical decision-support tool. We developed the model at one institution (University of Louisville) and validated it with data from another (Washington University School of Medicine). The critical characteristics evaluated were the relationship between the VKORC1 Ϫ1639GϾA genotype and the plasma S-warfarin concentration under stable therapeutic conditions, estimation of the maintenance dose in an independent data set, and pharmacokinetic modeling of the plasma concentration of S-warfarin based on adjustments for the CYP2C9 genotype.
In an earlier report (12 ), we described a trend for increased plasma S-warfarin concentrations with the number of VKORC1 Ϫ1639G alleles; however, until the present study we lacked sufficient numbers of patients to demonstrate a statistically significant difference between each of the 3 VKORC1 genotypes. In the current study, we have confirmed our original observation ( . The observed consistency is important because it provides mechanistic evidence for the effect of this polymorphism on warfarin requirements. Furthermore, these data begin to describe a "therapeutic" interval for plasma concentrations of S-warfarin for patients whose VKORC1 Ϫ1639GϾA genotype is known and whose target INR is between 2.0 and 3.0.
Also described in our earlier report (12 ) is the development of an equation for estimating the warfarin maintenance dose from clinical and genetic factors, which was subsequently validated (39 ) . In this independent data set, this equation accounted for 58% of the variation in warfarin maintenance dose while demonstrating a minimal negative proportional bias (slope, 0.72) and a positive constant bias of 0.14 mg/L. This equation has subsequently been modified and introduced into PerMIT to include correction factors for both smoking and alternative target INR intervals. These changes do not alter the dosage estimates for the 2 cases described above because both patients were treated with a target INR of 2.5 and because neither patient was reported to use nicotine. An important aspect of this tool is the ability to model the anticipated plasma S-warfarin concentrations after repeated dosing. To accomplish this functionality, we used traditional single-compartment, multiple-dose pharmacokinetic equations (36 ) driven by published values of S-warfarin clearance and elimination half-lives for each CYP2C9 genotype (31, 38 ) . We evaluated the accuracy of this tool by comparing the calculated plasma concentration of S-warfarin to the measured S-warfarin concentration for each individual. We found the accuracy of plasma S-warfarin estimates to be comparable to the accuracy of maintenance dose estimation (r 2 ϭ 0.58). The importance of this observation is that these data support the utility of published measures of S-warfarin elimination t 1/2 values for the respective CYP2C9 genotypes for incorporation into a linear pharmacokinetic model. Such models are well-established techniques for describing the sequential peak and trough concentrations of drugs caused by multiple dosing. Therefore, we can be fairly confident that the resulting drug-concentration profile generated by our tool is a reasonable approximation of the actual S-warfarin blood concentrations in each of our patients.
This data set has several limitations that should be mentioned. The validation data set is predominantly from a Caucasian population, and thus its accuracy for use with other ethnic groups cannot be assumed beyond previously demonstrated similarities or differences. Patients who took alternating doses of warfarin would have introduced random error into the measurement of the therapeutic plasma concentrations of S-warfarin, and data regarding the number of hours between the last warfarin dose and measurement of warfarin concentration were not available.
These data serve to demonstrate the feasibility of accurately modeling values of the plasma S-warfarin concentration after multiple dosing. The importance of this characteristic to a clinical decision-support tool is the mapping of the temporal changes in concentration as dosing progresses toward the steady state. This function serves the purpose of guiding both the dosing and monitoring processes and has the additional value of guiding strategies during periods in which dosing may be either accidentally or purposely suspended.
This tool is not intended to replace INR monitoring or the professional judgment of experienced clinicians, but it is intended to create an interactive framework in which the influence of genetic variation can be managed in a proactive and ongoing fashion beyond providing an estimate of a maintenance dose at a single point in time. We have demonstrated that the configuration of this tool provides an estimate of the individual's mean daily maintenance dose, in addition to estimates of the plasma S-warfarin concentrations obtained from the actual dosing history of the patient. Finally, we have reproduced and strengthened our original finding that the steady-state S-warfarin concentration in plasma required to elicit a therapeutic INR (range, 2.0 -3.0), may be estimated from knowledge of the VKORC1 Ϫ1639GϾA genotype. 
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